The superior sector of Brodmann area 6 (dorsal premotor cortex, PMd) of the macaque monkey consists of a rostral and a caudal architectonic area referred to as F7 and F2, respectively. The aim of this study was to define the origin of prefrontal and agranular cingulate afferents to F7 and F2, in the light of functional and hodological evidence showing that these areas do not appear to be functionally homogeneous. Different sectors of F7 and F2 were injected with neural tracers in seven monkeys and the retrograde labelling was qualitatively and quantitatively analysed. The dorsorostral part of F7 (supplementary eye field, F7-SEF) was found to be a target of strong afferents from the frontal eye field (FEF), from the dorsolateral prefrontal regions located dorsally (DLPFd) and ventrally (DLPFv) to the principal sulcus and from cingulate areas 24a, 24b and 24c. In contrast, the remaining part of F7 (F7-non SEF) is only a target of the strong afferents from DLPFd. Finally, the ventrorostral part of F2 (F2vr), but not the F2 sector located around the superior precentral dimple (F2d), receives a minor, but significant, input from DLPFd and a relatively strong input from the cingulate gyrus (areas 24a and 24b) and area 24d. Present data provide strong hodological support in favour of the idea that areas F7 and F2 are formed by two functionally distinct sectors.
Introduction
In the macaque monkey, the superior sector of Brodmann area 6, also called the dorsal premotor cortex (PMd), consists of a caudal area, F2 and a rostral area, F7 . These two areas are often referred to as caudal and rostral PMd, respectively (Wise et al., 1997 ; see also Picard & Strick, 2001 ).
Area F2 is somatotopically organized, with a leg field located medial to the superior precentral dimple and an arm field located lateral to it (Kurata, 1989; He et al., 1993; Godschalk et al., 1995) . Electrophysiological studies have shown that neurons in the arm field of F2 are involved in planning and controlling arm reaching movements (see Kurata, 1994; Wise et al., 1997) . On the basis of their functional properties, it has been suggested that the rostroventral and the dorsal parts of this field are functionally different (Caminiti et al., 1996; Fogassi et al., 1999; Hoshi & Tanji, 2000; Raos et al. in press) .
Area F7 is not functionally homogeneous, its dorsorostral part contains the supplementary eye fields (SEF; Schlag & Schlag-Rey, 1987) , an oculomotor field from which eye movements can be evoked with low-threshold intracortical microstimulation. Electrical stimulation studies have shown that the remaining part of F7 is not very excitable and, although its functional properties are still largely unknown, it has been suggested that this area could be involved in the control of arm movements in space according to information on target location (Vaadia et al., 1986; di Pellegrino & Wise, 1991) .
These various functional subdivisions of F2 and F7 are the targets of distinct sets of parietal areas Marconi et al., 2001) . Studies in which tracer injections were made in prefrontal cortex (Barbas & Mesulam, 1985; Barbas, 1988; Selemon & GoldmanRakic, 1988; Lu et al., 1994; Carmichael & Price, 1995; Barbas et al., 1999; Petrides & Pandya, 1999; Cavada et al., 2000) or agranular cingulate cortex (Brodmann's area 24), (Pandya et al., 1981; Morecraft & Van Hoesen, 1993; Arikuni et al., 1994) have indicated that PMd is also a target of these prefrontal and agranular cingulate afferents. Therefore, PMd appears to be under the potential influence of higher order cognitive information that can be used in the generation and control of movements. However, the precise origin of prefrontal and agranular cingulate afferents to each F2 and F7 field is still largely unknown, with the exception of the SEF (Huerta & Kaas, 1990) . Tracing these connections may be extremely useful for the definition of the possible role of PMd areas in motor control, especially if it is considered that: (i) the prefrontal cortex consists of several functionally distinct domains specified by distinct afferent inputs (GoldmanRakic 1987; Wilson et al., 1993; Barbas, 2000) ; and (ii) Brodmann's area 24 contains areas which are intimately related to skeletomotor functions and areas which are involved in the more complex aspects of the animal's behaviour, such as movement selection based on reward (Shima & Tanji, 1998) or to anticipation or selection of motor responses (Koyama et al., 2001) . Preliminary data have already been partially presented (Luppino et al., 1990; Luppino et al., 1998) . Matelli et al. (1985 Matelli et al. ( , 1991 Figs. 1A and 2) . All experimental procedures used in the present study were approved by the Veterinarian Animal Care and Use Committee of the University of Parma and complied with European law on the care and use of laboratory animals.
Surgical and electrophysiological procedures
Each animal was anaesthetized with Ketamine hydrochloride (15 mg/ kg i.m.) and placed in a stereotaxic apparatus. Under aseptic conditions, an incision was made in the scalp, the skull was trephined to remove the bone overlying the target region and the dura was opened.
In all but two of the monkeys (Cases 1A and 2), the injection site was chosen by using the arcuate sulcus, the superior precentral dimple and the interhemispheric fissure as anatomical landmarks. In Cases 1A and 2 the location of the injection sites was selected on the basis of electrophysiological experiments. These animals were implanted for chronic recording and electrical stimulation experiments using procedures similar to those described in detail by Luppino et al. (1991) . Location and extent of the SEF (Schlag & Schlag-Rey, 1987 ) was defined using intracortical microstimulation and single-unit recording. Trains (50 ms duration) of cathodal pulses (0.2 ms duration), generated by a constant current stimulator, were delivered at 330 Hz through tungsten microelectrodes (impedance 0.5-1.5 MO, measured at 1 kHz frequency). The current intensity (3-40 mA) was controlled by using an oscilloscope to measure the voltage drop across a 10 kO resistor in series with the stimulating electrode. The cortex was explored with vertical microelectrode penetrations spaced at 1 mm intervals in rostrocaudal and mediolateral directions. Microstimuli were applied every 250 mm in each penetration and the evoked movements and their thresholds were collected for later analysis. At the end of the experiments, small electrolytic cortical lesions (10 mA cathodal current Matelli et al. (1985 Matelli et al. ( , 1991 . Dashed lines mark the borders between areas. AI, inferior arcuate sulcus; AS, superior arcuate sulcus; C, central sulcus; CC, corpus callosum; Cg, cingulate sulcus; P, principal sulcus. (B) Schematic view of the location of injection sites plotted onto a dorsolateral view of a single hemisphere. Numbers inside the circles refer to the injected cases (see Table 1 ). Shaded area in the dorsorostral part of area F7 indicates the approximate location of the SEF. (C) Cytoarchitectonic subdivision of the prefrontal cortex according to Walker (1940) . (D) Cytoarchitectonic subdivision and somatotopy of the agranular cingulate cortex and of the adjacent mesial agranular frontal cortex according to Matelli et al. (1991) and Luppino et al. (1991) . The cortical surface is unfolded in order to show the cortex buried within the cingulate sulcus. Dashed line indicates the fundus of the cingulate sulcus. Dotted lines mark the areal borders. Arrows indicate the level of the rostral end (AS) and of the genu (G) of the arcuate sulcus. A, dorsolateral cortical convexity; B, mesial surface; C, upper bank of the cingulate sulcus; D, lower bank of the cingulate sulcus; E, cingulate gyrus.
for 10 s) were made at known stereotaxic coordinates, close to the region of study.
Tracer injections and histological procedures
Once the appropriate cortical site was chosen, the fluorescent tracers, Fast Blue (FB, 3% in distilled water), Diamidino Yellow (DY, 2% in 0.2 M phosphate buffer at pH 7.2), True Blue (TB, 5% in distilled water, EMS-POLYLOY GmbH, Gross-Umstadt, Germany), or peroxidaseconjugated wheat germ agglutinin (WGA-HRP, 4% in distilled water, SIGMA, St Louis, MO, USA), or gold-conjugated cholera toxin B subunit, (CTB-gold, 0.5% in distilled water, LIST, Campbell, CA, USA) were slowly pressure-injected through a glass micropipette (tip diameter 50 to 100 mm) attached to a 1 mL Hamilton microsyringe (Reno, NV, USA). Table 1 summarizes the locations of the injections, the injected tracers, and their amounts. The tracers injected into the cortical convexity were delivered 1.5 mm below the cortical surface, Calibration bars, 500 mm. Area F2 is relatively poorly laminated and is characterized by the presence of a columnar pattern extending to the superficial layers, of medium-size pyramids in the lowest part of layer III and scattered, medium-size pyramids in layer Vb. Area F7 is better laminated in comparison with F2 and is characterized by the presence of an evident, densely cellular, layer V, which does not appear to be organized in sublayers Va and Vb. For more details, see Matelli et al. (1991) .
ß 2003 Federation of European Neuroscience Societies, European Journal of Neuroscience, 17, 559-578 while those injected in the posterior bank of the arcuate sulcus and its spur, were delivered at various depths from the cortical crown. After the injection, the pipette remained in place for 15 to 30 min to prevent spread of the tracer. The dural flap was then sutured, the bone replaced and the superficial tissues sutured in layers. During surgery, hydration was maintained with saline (about 10 cc/ h, i.v) and temperature was maintained with a heating pad. Heart rate, blood pressure, respiratory depth and body temperature were continuously monitored. Upon recovery from anaesthesia, the animal was returned to its home cage and closely monitored.
After appropriate survival periods (12-14 days following fluorescent tracers injections, 7 days following injection of CTB-gold and 2 days following injection of WGA-HRP), each animal was anaesthetized with ketamine hydrochloride (15 mg/kg i.m.) followed by an i.v. lethal injection of sodium thiopental and perfused through the left cardiac ventricle with saline, then with 1% paraformaldehyde and 1.25% glutaraldehyde (Case 1A) or 3.5-4% paraformaldehyde (Cases 2, 10 to 13 and 18), followed by 10% sucrose plus 1.5% dimethyl sulfoxide (Cases 1A and 2) or 5% glycerol (Cases 10 to 13 and 18). All solutions were prepared in phosphate buffer 0.1 M at pH 7.4. The brain was then blocked coronally on a stereotaxic apparatus, removed from the skull, photographed and placed in cold sucrose buffer (Cases 1A and 2), or in 10% to 20% buffered glycerol (Cases 10 to 13 and 18) for cryoprotection. Finally, it was cut, on a freezing microtome, in the coronal plane at 60 mm.
In Cases 2 and 10-13, at least one section of each five was mounted, air-dried and quickly coverslipped for fluorescence microscopy. In Case 1A, one section of each five was processed for WGA-HRP histochemistry with tetramethylbenzidine as the chromogen (Mesulam, 1982) . In Case 18, one section of each five, CTB-gold was revealed by the silver intensification protocol described by Kritzer & Goldman-Rakic (1995) . Sections adjacent to WGA-HRP or CTB-gold processed material or fluorescent material were stained using the Nissl method. In Cases 1A, 2 and 10, one series of sections (one of each five) was also processed for cytochrome oxidase histochemistry with a protocol similar to that described by Wong-Riley (1979; for further details, see Matelli et al., 1985) .
Data analysis
The fluorescent material was examined at400 Â , with a Zeiss Universal epi-fluorescence microscope equipped with a narrow band excitation filter (BP 365/11), a dichroic mirror (FT 395), and a barrier filter (LP 395). The HRP-processed material was studied under both brightfield and darkfield illumination at low magnification, while the CBT-gold processed material was studied under darkfield illumination only.
Injection sites
Two concentric zones were defined for each tracer injection: a central zone, defined as the core and a surrounding zone, defined as the halo. The core of the WGA-HRP and CTB-gold injection sites were considered to be the densely stained regions adjacent to the needle track. The halo was considered to be the region with a less intense background staining and in which almost all neurons were labelled. The core of the fluorescent tracers injection sites was considered to include an inner zone (zone I), sharply delineated around the needle track, which appeared necrotic and intensely fluorescent and a second zone (zone II), less sharply delineated and less brilliantly fluorescent, in which almost all of the neurons and many glial cells showed bright fluorescence. The halo was defined as the region which contained some background tissue fluorescence and in which almost all neurons and some glial cells were labelled. Zones I and II should correspond to the effective area of uptake and transport of fluorescent tracers (Kuypers & Huisman, 1984; Condé, 1987) .
In order to determine the locations of the cortical injection sites, Nissl and cytochrome-oxidase stained material was used to identify the various areas of the agranular frontal cortex. The borders between different areas and the extent of injection sites were then plotted on individual section drawings and mapped onto a dorsolateral view of the hemisphere. The injection sites presented in this study were all restricted within the limits of a single cytoarchitectonic area. Figure 1B summarizes the cytoarchitectonic location of all the injection sites, plotted onto a dorsolateral view of a single hemisphere.
In Cases 1A and 2, the location of the injection site was also correlated with the results of the electrophysiological investigations. Electrode trajectories were reconstructed on the basis of identification of electrode tracks and electrolytic lesions in histological sections, recording coordinates, and surface landmarks. The stimulation sites were plotted on a dorsal view of the cortical surface; the obtained stimulation maps were then superimposed on the cytoarchitectonic map and, finally, correlated with the location of injection sites.
Distribution of retrogradely labelled neurons
Retrogradely-labelled neurons were plotted in each section every 600 mm. Under U.V. illumination and with the aid of a longpass barrier filter allowing one to visualize wavelengths greater than 395 nm, the fluorescent neurons were identified as follows: FB-labelled neurons by a sky-blue fluorescence in the cytoplasm; DY-labelled neurons by a yellow-green fluorescent nucleus; TB-labelled neurons by a violet homogeneous fluorescence in the cytoplasm. In each examined section the outer and inner cortical borders and the location of each labelled neuron were plotted with the aid of inductive displacement transducers mounted on the X and Y axes of the microscope stage. The transducer signals were digitized and stored by using software developed in our laboratory that allows the visualization of section outlines, of greywhite matter borders, and of labelled cells. In order to visualize the distribution of cortical labelling, 2D reconstructions of the dorsolateral and the mesial surfaces of the hemisphere were obtained by using the same software. The procedure was the following (for more details, see Matelli et al., 1998) . In each plotted section, the cortical mantle was subdivided into columnar bins by drawing lines, perpendicular to the cortical surface, connecting the outer and inner cortical contours. In order to minimize the distortion caused by cortical curvatures, the cortex was then unfolded at the level of a line connecting the midpoints of all the perpendicular lines, approximately at the border between layers III and IV. The unfolded sections were then aligned and the labelling distributed along the space between two consecutive plotted sections (600 mm). In order to minimize the unavoidable distortions of the labelling topography, the distributions of labelled cells within the principal sulcus and the anterior bank of the arcuate sulcus were visualized in separate reconstructions. Reconstructions of dorsolateral and mesial surfaces were aligned at the medial edge of the hemisphere, those of the principal sulcus at the fundus and those of the prearcuate cortex at the mediolateral level of the genu of the arcuate sulcus.
Subdivisions of the prefrontal and agranular cingulate cortices
In the present study, the distribution of the labelling in the prefrontal cortex was basically referred to the cytoarchitectonic map of Walker (1940; see Fig. 1C ). In addition, for the purpose of the functional interpretation of the labelling observed within the prearcuate cortex, architectonical and physiological data of Stanton et al. (1989 Stanton et al. ( , 1993 and Schall et al. (1995) were also taken into consideration.
The distribution of the labelling in the agranular cingulate cortex (Brodmann's area 24) was attributed to architectonic areas, which were defined in the present study according to criteria described by Matelli et al. (1991) see Fig. 1D (right). In this subdivision, dorsal to areas 24a and 24b, located on the cingulate gyrus, the part of area 24 buried within the cingulate sulcus, consists of caudal (area 24d) and rostral (area 24c) subdivisions. The dorsal border of both these two areas is roughly in the middle of the dorsal bank of the cingulate sulcus. The correlation of architectonic data with intracortical microstimulation data showed that area 24d contains an arm and a leg field located caudally and rostrally, respectively, whereas the caudal part of area 24c appears to contain essentially an arm representation . Although confirmed by architectonic data of Nimchinsky et al. (1996) , this subdivision is only partially coincident with that proposed by Strick et al. (see on the basis of hodological and architectonical data. According to these authors, the cingulate sulcus contains a rostral cingulate motor area (CMAr, subfield of area 24), located in both the dorsal and ventral bank, and two caudal cingulate motor areas located in the dorsal (CMAd, subfield of area 6) and in the ventral bank (CMAv, subfield of area 23). All these three areas are somatotopically organized with a leg field located caudally and an arm field located rostrally. A comparison between these two subdivisions shows that area 24c and the leg field of area 24d fall within CMAr, the arm field of area 24d, located in both the ventral and dorsal bank of the cingulate sulcus, corresponds to the arm fields of CMAv and CMAd and, finally, area 23 includes the leg fields of CMAv and CMAd.
Quantitative analysis
In those cases in which serial coronal sections covering the entire rostrocaudal extent of the injected hemisphere were collected and analysed (all except Cases 1A and 10), the total number of labelled cortical neurons was calculated for quantitative analysis. To this purpose, all labelled neurons plotted in one sections every 600 mm and located beyond the limits of the halo of the injection sites were taken into consideration. Since the absolute number of labelled neurons, mainly because of differences in amount, spread and sensitivity of injected tracers, was largely variable across cases, the relative afferent inputs to the injection site from a particular cortical region was assessed in terms of percentage of labelled neurons found in that cortical region with respect to the total number of labelled neurons. The very limited number of analysed cases does not allow one to draw any definitive and statistically significant conclusion on the relative amount of the different cortical inputs to the injected area. This type of analysis, however, was found to be extremely helpful in previous studies (e.g. Barbas, 1988; Luppino et al., 1993; Ghosh & Gattera, 1995; Barbas et al., 1999) in giving additional and more objective information on the richness of the labelling found within the same case or across different cases, which is sometimes difficult to obtain from the graphic reconstructions of the distribution of labelled cells.
Quantitative data were firstly analysed in terms of percentage of labelled neurons in the following main cortical regions: prefrontal, agranular cingulate, agranular frontal and parietal cortex. Inputs from other cortical regions were grouped together into a separate category. Labelling in the prefrontal and cingulate cortex was then analysed in terms of distribution in different cortical sectors or areas. The dorsolateral prefrontal cortex (DLPF), in which most of the labelling was observed, was subdivided into a dorsal (DLPFd), a ventral (DLPFv) and a prearcuate sector. The first two sectors were defined as those cortical regions located dorsally and ventrally to the fundus of the principal sulcus and to a straight line connecting the caudal end of the sulcus with the arcuate sulcus. The prearcuate sector included the cortex lying in the rostral bank of the arcuate sulcus and its crown. The rationale for this main subdivision of the DLPF is based on functional evidence showing that the prearcuate cortex basically contains the frontal eye fields (FEF; Bruce et al., 1985; Stanton et al., 1989; Schall et al., 1995) , and that DLPFd and DLPFv appear to correspond to distinct main prefrontal functional domains (Wilson et al., 1993) . Labelling in the caudal-most part of the mesial prefrontal cortex was included in DLPFd, because of the hodological similarities of this part of the mesial prefrontal cortex with the adjacent part of the dorsolateral convexity (Barbas et al., 1999) . Labelling in the orbital part of area 12 was included in DLPFv. The rostral cingulate cortex was subdivided into architectonic areas according to Matelli et al. (1991) .
Photographic presentation
All figures with photomicrographs were obtained by capturing images directly from the sections with a digital camera attached to the microscope. Images were captured with the following objective powers: 10Â objective for photomicrographs of Nissl-stained material; 4Â objective for photomicrographs of injection sites; 20Â objective for photomicrographs of labelled neurons. Images were then imported into the program Adobe Photoshop in which they could be assembled and reduced to the final enlargement. As with normal photographic processing, uniform lighting, contrast or brightness of the images could be modified, but no data were altered in this electronic processing.
Results
Injections in PMd (F2 and F7) produced labelling in the prefrontal and agranular cingulate cortices in all cases. This labelling was markedly different, both qualitatively and quantitatively, according to the location of the injection site. The results are presented on the basis of the ß 2003 Federation of European Neuroscience Societies, European Journal of Neuroscience, 17, 559-578 injected area and, for each area, according to the injected field. The dorsal and rostral part of area F7, corresponding to the SEF, will be referred to as 'F7-SEF', whereas the remaining ventral and caudal part of this area will be referred to as 'F7-non SEF'. The ventral and rostral part of area F2 will be referred to as 'F2 ventrorostral' (F2vr), whereas the part of area F2 located around the superior precentral dimple, will be referred to as 'dimple region of F2' (F2d). The description of the distribution of the labelling observed in all cases in other agranular frontal areas, shown in the figures relative to each case, is outside the scopes of the present study and will be object of a subsequent study. Prefrontal and cingulate afferents to F7
F7-SEF
Two animals (Cases 1A and 2) received tracer injections localized to F7-SEF. The correlation between the intracortical microstimulation data and the extent of the injection site, showed that, in both cases, tracers injections were restricted to a cortical sector from which lowthreshold (current intensity < 40 mA) eye movements were evoked (see inserts in upper left part of Figs 3 and 5) .
The results obtained following FB injection in Case 2 are illustrated in Fig. 3 . Rich labelling was observed in different parts of prefrontal and agranular cingulate cortices. In the prefrontal cortex, the labelling was very dense in the prearcuate cortex (Fig. 3, lower right part and  section 66) , involving the ventral part of area 8A and area 45. Only a small cluster of labelled cells was observed in the dorsal part of area 8A. According to physiological and architectonical evidence (Bruce et al., 1985; Stanton et al., 1989) this densely labelled territory should involve the whole extent of the frontal eye fields (FEF) and therefore includes both the dorsal and the ventral part of it, where large amplitude saccades (lFEF) and small amplitude saccades (sFEF) are represented, respectively (Bruce et al., 1985) . The labelling extended also outside the limit of sFEF in the ventral part of area 45 (Fig. 3, section 50 ). This site appeared to correspond to area FV of Huerta et al. (1987) , area FDi of Stanton et al. (1989) , and area 45b of Schall et al. (1995) . A second, densely labelled, prefrontal sector was located in DLPFd, just in front of the rostral border of area F7, in area 8B. There was very dense labelling in the dorsolateral part of this area, which also extended onto the mesial cortical surface (Fig. 3, sections 38 and 42) . A third, densely labelled, prefrontal sector was located in DLPFv, mostly in the ventrolateral part of area 12 (Fig. 3, sections 38 and 42, and Fig. 4C ), extending also in its orbital part. A fourth labelled sector was located in area 46, within the caudal part of the principal sulcus (PS), in both the dorsal and ventral bank of it. In the agranular cingulate cortex, dense clusters of labelled cells were observed in area 24c and in the cingulate gyrus (areas 24a and 24b complex). Area 24d was virtually devoid of labelled cells.
Similar results were observed following WGA-HRP injection in Case 1A (Fig. 5) . As in Case 2, labelling was observed in prefrontal areas 12, 8B, 46, and in cingulate areas 24c and in areas 24a and 24b. Furthermore, in the prearcuate cortex dense labelling was observed along the whole extent of the FEF, extending also in the ventral part of area 45. The dorsal part of area 8A was more densely labelled than in Case 2. This labelled area was located dorsally to the FEF (Bruce et al., 1985; Stanton et al., 1989) and should correspond to a cortical sector from which intracortical microstimulation evokes either a combination of eye and ear, or isolated ear movements (Schall et al., 1995) . This difference in the labelling observed in Cases 1A and 2 can be interpreted in light of data showing that the connections between SEF and prearcuate cortex are topographically organized (Schall et al., 1993) . By injecting tracers in the prearcuate cortex, Schall et al. (1993) showed that the dorsal area 8A was not connected with the whole extent of the SEF, but only with its rostralmost part. By considering the location and size of injection site (Fig. 3, section 50 and Fig. 4A) , it is possible that in Case 2 the rostralmost part of the SEF was only marginally involved, thus explaining the relative lack of labelling observed in dorsal area 8A. 
F7-non SEF
Two cases had tracer injections placed in F7-non SEF. In Case 13, the FB injection site (Fig. 4B) was placed in the caudal part of F7, on the cortical convexity, whereas in Case 11 the DY injection involved the shoulder and the posterior bank of the superior branch of the arcuate sulcus. The results of Cases 13 and 11DY are illustrated in Figs 6 and 7, respectively. Because of their remarkable similarity, they will be described together. As following injections in F7-SEF, a rich labelling was observed in the prefrontal cortex. Its distribution, however, was markedly different and almost completely confined to DLPFd, mainly in the dorsal part of area 46. As one can see from Fig. 6 sections 23 and 27 (see also Fig. 4D ), and Fig. 7 (sections 35 and 39) , the labelling was very rich in correspondence to the dorsal shoulder of the PS, extending caudally and dorsally towards the upper branch of the arcuate sulcus. Labelling was also observed in the prearcuate cortex, mainly in dorsal area 8A. The analysis of adjacent Nissl-stained sections showed that only very few of these cells were located in cortical sectors in which outstanding pyramids could be observed in layer V (FEF; Bruce et al.
1985
; Stanton et al., 1989) . A second main concentration of labelling was located in area 8B, just in front of the rostral border of the agranular frontal cortex. Minor labelling was located in the ventral bank of PS.
In the agranular cingulate cortex, labelling was observed in areas 24c and in areas 24a and 24b, with a more widespread distribution in Case 13. In both cases, however, this labelling was much weaker with respect to that observed in the prefrontal cortex. Area 24d was virtually not labelled.
Afferents to F7: quantitative data
The percentual distribution of the retrograde labelling in the four main cortical regions (prefrontal, cingulate, agranular frontal and parietal) is shown in Table 2 . A more detailed analysis of the labelling is shown in Table 3 . Some major differences in the connectivity of these two F7 fields deserve further comment. Firstly, afferents from the agranular frontal cortex to F7-SEF were much weaker with respect to those to F7-non SEF injection. In fact, SEF connections with other agranular frontal areas were rather poor, with most of the labelling being located very close to the injection site (Figs 3 and 5 ; see also Huerta & Kaas, 1990; Luppino et al., 1990) . This is not surprising if one considers that the large majority of connections among the various agranular frontal areas are somatotopically organized and that the SEF is the only field within the agranular frontal cortex, in which eye movements are represented. In contrast, the percentage of afferents to F7-non SEF from the agranular frontal cortex was more than 80%, a value in line a previous study following injections into mesial areas F3 and F6 (Luppino et al., 1993) . Secondly, prefrontal input to F7-SEF, even when the prearcuate sector is not considered, was the strongest (27.9%). This finding is similar to that reported for area F6 (Luppino et al., 1993) . Prefrontal input to F7-non SEF, although weaker than that to F7-SEF, still represents the major source of cortical afferents to this field from cortical regions outside the agranular frontal cortex. Finally, rostral cingulate input to F7-SEF was quite rich from both areas 24a and 24b complex and 24c, whereas that to F7-non SEF was very weak.
Prefrontal and cingulate afferents to F2

F2vr
Two monkeys (Case 11FB and Case 18) received tracer injections in F2vr. In both, injection sites involved the shoulder and the bank of the rostralmost part of the spur of the arcuate sulcus, slightly extending in the caudalmost part of the superior branch of the arcuate sulcus ( Fig. 8A and D) , close, but completely behind, the F7/F2 cytoarchitectonic border. The results of these two F2vr injections are shown in Fig. 8 (Case 11FB) and Fig. 10 (Case 18). Given their similarity, they will be described together. A very restricted, but relatively dense, labelling was observed in DLPFd. Its location appeared to be slightly more caudal than that of the labelling observed following injections in F7-non SEF, with some overlap evident only in Case 18. This overlap, however, was limited to a small sector of the shoulder of the PS (Fig. 9 , section 39 and Fig. 10 , section 32), in the dorsal part of area 46. Since in Case 18 the injection extends mostly in the bank of the arcuate sulcus, a possible spill-over of the tracer into the caudoventral part of F7-non SEF, cannot be ruled out. No other significant labelling was observed in other prefrontal areas, with the only exception of a cluster of labelled cells observed in Case 18 in the ventral part of area 8B. Much stronger labelling was observed in the agranular cingulate cortex (Fig 8B, C, E and F) . Its distribution had some important differences with that found following injections in F7. The cingulate gyrus (areas 24a and 24b complex) was richly and diffusely labelled, mostly in area 24b. Furthermore, within the cingulate sulcus, very dense labelling was observed in area 24d (Fig. 9 , section 87 and Fig. 10 , section 92), which was not labelled following injections in F7, whereas labelling in area 24c was relatively poor. Marked cells in area 24d were mostly concentrated in its caudal part, involving both the ventral and dorsal banks of the cingulate sulcus, thus the arm field of this area . According to terminology, this labelled sector should fall within the arm fields of the granular CMAv and the agranular CMAd.
F2d
Three tracer injections were placed in F2d. Two of them were placed in the more dorsal part of the arm field of F2 (Kurata, 1989; Dum & Strick, 1991; He et al., 1993; Godschalk et al., 1995) , involving the lateral bank of the superior precentral dimple (Case 12) or close to it (Case 10FB). In a third case (Case 10TB), an injection of TB was placed dorsal to the superior precentral dimple, in the leg field of F2 (Kurata, 1989; Dum & Strick, 1991; He et al., 1993; Godschalk et al., 1995) . In all these three cases, the overall amount of labelling observed in the prefrontal cortex was very poor and much weaker than that observed in the agranular cingulate cortex. This poverty of labelling cannot be accounted for by problems in tracer uptake and transport, since in all these cases very rich labelling was observed in other cortical regions (e.g. other agranular frontal areas and caudal areas of the superior parietal lobule; see Table 2 and Matelli et al., 1998) .
The results of the two F2d arm field injections are shown in Fig. 11 (Case 12) and Fig 12 (Case 10FB) . A few marked cells were observed in the dorsal part of area 46, in a location very similar to that observed following injections in F2vr (Fig. 11, section 27 and Fig. 12, section  11 ). In the agranular cingulate cortex, some relatively more dense clusters of labelled cells were observed in the arm field of area 24d (Fig. 11, section 79 and Fig. 12, section 76 ). This labelling was, however, much weaker than that observed following injections in F2vr. Finally, a few marked cells were observed in area 24b. Very similar results were observed following injection in the leg field of F2 (Case 10TB, Fig. 13 ). Again, a very few marked cells were observed in dorsal area 46, intermingled with the DY-labelled cells observed in the same Case (Figs 12 and 13, section 11) . A few clusters of labelled cells were also observed in the leg field of area 24d .
Afferents to F2: quantitative data
Quantitative data obtained in Cases 18 and 11FB (F2vr injections) and in Case 12 (F2d injection) are shown in Tables 2 and 3 . The strongest input to area F2, as a whole, came from the agranular frontal cortex. The major source of inputs from cortical regions ouside the agranular frontal cortex was the parietal cortex (average 11.8%). F2vr, however, was also the target of a small, but consistent input from DLPFd, which, in contrast, was very poor in comparison to F2d. In addition, F2vr was the target of significant projections from agranular cingulate areas. Although some differences were observed between Cases 18 and 11FB, in both of them the input from the cingulate gyrus and from area 24d (especially for Case 18) was particularly strong, whereas that from area 24c was poor. Finally, data from Case 12 confirmed the qualitative observation that cingulate afferents to F2d appeared to be very weak.
Discussion
The present study showed that the two areas forming the PMd, (F2 and F7), provided targets for different cortical regions located outside the agranular frontal cortex. It also showed that there was a marked difference in these inputs between the two sectors that form, respectively, F7 (F7-SEF and F7-non SEF) and F2 (F2vr and F2d). These data are in line with the notion that the SEF is an independent field within F7 and provide further support in favour of a subdivision of the arm field of F2 into two distinct sectors. A summary diagram of the main results of the present study is shown in Fig. 14 . Furthermore, the quantitative analysis done on the majority of the cases, showed that the relative strength of the inputs from prefrontal, cingulate and parietal regions to each F7 and F2 sector was also markedly different. F7-SEF was a target of very strong prefrontal afferents, relatively robust cingulate afferents and very weak parietal afferents. F7-non SEF received its strongest input from the prefrontal cortex, but was also the target of relatively robust parietal afferents. Finally, F2, as a whole, was the target of a highly predominant input from the parietal cortex. With respect to F2d, F2vr was the prime target of a projection from the prefrontal cortex and of a relatively higher cingulate input. As far as the percentual values of the quantitative analysis were concerned, it was observed that the amount of labelled cells found within the limits of the agranular frontal cortex was quite constant among the various cases analysed, ranging from about 70% to 85%, with the exception of the F7-SEF Case. This observation is based not only on the present, but also on previously published (Luppino et al., 1993) and unpublished observations on a total number of 18 injections made in the skeletomotor fields of all the various agranular frontal areas. This value is in line with that found in the only comparable study, based on injections in PMd and in the ventral premotor cortex (Ghosh & Gattera, 1995) . These data indicate that the afferents from regions outside the agranular frontal cortex, which convey sensory or other types of information to each skeletomotor field, appear to represent, in quantitative terms, no more than 15-30% of the total amount of cortical afferents. Therefore, although no conclusions can be drawn on the possible functional importance of a given input on the basis of its quantitative anatomical strength, it is our opinion that inputs of about 5% in strength, cannot be considered a priori meager or negligible.
Comparison with previous studies
Present findings are in general agreement with data from previous studies based on injections in the prefrontal or agranular cingulate cortices, showing that PMd (considered as a single area) is connected with prefrontal (Barbas & Mesulam, 1985; Barbas, 1988; Selemon & Goldman-Rakic, 1988; Lu et al., 1994; Carmichael & Price, 1995; Barbas et al., 1999; Petrides & Pandya, 1999; Cavada et al., 2000) and agranular cingulate cortices (Pandya et al., 1981; Morecraft & Van Hoesen, 1993; Arikuni et al., 1994) . Altogether these studies show that the prefrontal cortex and the more rostral part of the agranular cingulate cortex mainly target the rostral part of the PMd (roughly corresponding to area F7). These data, however, provide only partial information on the exact origin of the prefrontal and cingulate afferents to F7, and even more, most of them do not take into account the presence within F7, of an oculomotor field (F7-SEF) which is functionally distinct from the remaining part of this area (F7-non SEF). Furthermore, the few studies in which area F7 has been injected and its prefrontal and cingulate afferents described, have focused only on restricted parts of this area (Barbas & Pandya, 1987 ; Huerta & Kaas, 1990; Ghosh & Gattera, 1995) . For this reason, a specific aim of this study was to obtain a direct comparison between the cortical connections of the two F7 sectors. The only study specifically devoted to systematically trace the connections of the SEF is that of Huerta & Kaas (1990) . Our data are in substantial agreement with this study, showing that F7-SEF is the target of strong afferent input from prearcuate cortex, areas 8B and 12, from the cortex within the PS and from area 24c. Our data are also in close agreement with previous studies showing that F7-SEF is connected with both lFEF and sFEF (Huerta et al., 1987; Schall et al., 1993; Stanton et al., 1993) . The study by Huerta & Kaas (1990) also described an input to F7-SEF originating from the dorsal part of area 46, close to the crown of the PS. This input, however, was not observed in our study. One explanation for this discrepancy is a possible spread of tracer in Huerta's study, immediately beyond the limits of the SEF, as we observed a strong labelling in the dorsal part of area 46 following injections in F7-non SEF. The only two studies (Barbas & Pandya, 1987; Ghosh & Gattera, 1995) in which the prefrontal and cingulate afferents to the rostral part of PMd (basically F7-non SEF) have been described, are based on different subdivisions of the PMd. In particular, the border between the rostral and caudal parts of the PMd was set by Barbas & Pandya (1987) by using as their only architectonic criterion, the presence in their 6DC but not their 6DR of large pyramids in layer V and by Ghosh & Gattera (1995) arbitrarily at the level of the genu of the arcuate sulcus. In both of these studies therefore, the border between the two subdivisions of PMd was set more caudally with respect to the cytoarchitectonic F7/F2 border. Judging from their location, it is possible that the injections sites used in these studies involved, although only to a minor extent, the rostralmost part of F2. For this reason, these data are only partially comparable with our own. In particular, on the one hand the labelling observed by these authors dorsal to PS could be the result of an involvement of both F7-not SEF and F2vr and, on the other hand an involvement of rostral F2 may account for the finding in both these studies of connections with cingulate regions corresponding to area 24d.
The cortical connections of the sector corresponding to our area F2 have been the object of several studies (Barbas & Pandya, 1987; Kurata, 1991; Morecraft & Van Hoesen, 1993; Ghosh & Gattera, 1995) . In all these studies, however, injection sites were located close to the superior precentral dimple or at about half way between the dimple and the genu of the arcuate sulcus. The results of these studies are in line with our observations that area F2d did not receive inputs from the prefrontal cortex and was the target of a relatively caudal cingulate sector, corresponding to our area 24d. The only studies in which tracer injections involved selectively also the rostral and ventral part of F2 (F2vr of the present study) were mainly focused on the parietal connections of this sector Marconi et al., 2001) . Present data are in line with those of (Marconi et al., 2001) , which described an input to F2vr from a cingulate sector corresponding to area 24d. However, we also observed afferents from DLPFd and from the limbic gyrus (areas 24a and 24b complex), which were not described by (Marconi et al., 2001) . It is interesting to note that a combination of cingulate inputs from the cingulate gyrus and area 24d appears to represent a hodological characteristic of F2vr, with respect to the other arm fields involved in movement execution. In fact, projections from area 24d, but not from the cingulate gyrus (areas 24a and 24b complex), were described following injections in area F1 (area 4; Luppino et al., 1993; Morecraft & Van Hoesen, 1993; Hatanaka et al., 2001; Wang et al., 2001) , close to the superior precentral dimple (Barbas & Pandya, 1987; Kurata, 1991; Ghosh & Gattera, 1995; Marconi et al., 2001) or in area F3 (SMA proper; Luppino et al., 1993; Wang et al., 2001 ).
Prefrontal and cingulate afferents to F7
F7-SEF was the target of strong afferent input from both DLPFd and DLPFv. The DLPFd input originated from dorsal area 8A and area 8B which are the source of cortico-tectal projections (Fries, 1985) , from which intracortical microstimulation evokes eye and/or ear movements (Mitz & Godschalk, 1989; Camarda et al., 1991; Bon & Lucchetti, 1994; Schall et al., 1995) and whose neurons have visual and/or acoustic responses (Ito, 1982; Azuma & Suzuki, 1984; Vaadia et al., 1986) . It is likely that this prefrontal sector is involved in visual and acoustic processing for the control of orienting movements in space.
The DLPFv input to F7-SEF originated mainly from area 12, that according to Wilson et al. (1993; see also Levy & Goldman Rakic, 2000) belongs to an object memory domain, where memoranda pertaining to object identity are encoded in working memory and, according to Passingham et al. (2000; see also Passingham, 1993) play an important role in conditional learning, based on object identity.
F7-SEF was also the target of a significant projection from the cingulate gyrus (areas 24a and 24b complex) and from area 24c. Area 24c (basically corresponding to CMAr of appears to contain essentially an arm field and to be involved in several high order aspects of motor control (Shima et al., 1991; Shima & Tanji, 1998; Procyk et al., 2000; Koyama et al., 2001 ; see also Schall et al., 2002) . The connection between area 24c and F7-SEF shown in the present study and the finding that eye movements can be evoked from area 24c with intracortical microstimulation (Mitz & Godschalk, 1989) suggest that this cingulate area is not related exclusively to the control of arm movement.
The pattern of connectivity of F7-SEF fits well with the notion that this area plays a more complex role in oculomotor control than the FEF (Stuphorn et al., 2000; see also Schall et al., 2002) , to which is strongly connected (present study; Huerta et al., 1987; Huerta & Kaas, 1990; Schall et al., 1993; Stanton et al., 1993) . The connectivity of F7-SEF shows similarities with that of the adjacent, arm-related, area F6 (Luppino et al., 1993; Luppino et al., 2001) . Both these areas receive a strong input from DLPF, a substantial input from the area 24c and a relatively weak input from rostral sectors of the superior temporal sulcus. In contrast, the contribution of posterior parietal projections is almost negligible. Therefore, these two areas represent privileged targets on which converges cognitive, motivational and high order sensory information for the control of eye -F7-SEF-or arm -F6-movements (see Rizzolatti & Luppino, 2001 ).
F7-non SEF showed a pattern of cortical connections which was markedly different from that of F7-SEF and suggests that this F7 sector is not involved in oculomotor control. Firstly, in contrast to F7-SEF, F7-non SEF was not connected with FEF. Secondly, the number of afferents originating from agranular frontal skeletomotor fields to F7-non SEF was almost double that to F7-SEF (>80% vs. 42.1%) and was similar to that of all the other agranular frontal skeletomotor fields. Thirdly, while F7-SEF received its weak parietal input mainly from the oculomotor area LIP (Huerta & Kaas, 1990; Matelli et al., 1998) , F7-non SEF was the target of relatively robust projections from areas PGm and V6A of the superior parietal lobule (Ghosh & Gattera, 1995; Matelli et al., 1998; Marconi et al., 2001) . The prefrontal input to F7-non SEF originated from a DLPFd sector that appears to correspond to the so called 'spatial memory domain' where, according to (Wilson et al., 1993 ) memoranda pertaining to spatial locations are encoded in working memory. This sector also appears to play an important role in tasks requiring arbitrary visuomotor mappings, being involved in learning and application of behaviour-guiding rules based on information inherent in specific objects, places and events (White & Wise, 1999; Murray et al., 2000) .
These data, together with functional data on areas PGm (Ferraina et al., 1997) and V6A (Fattori et al., 2001 ) could be at the basis of the possible functional role of F7-non SEF in coding locations of sensory stimuli, or arbitrary sensory information, for the guidance of arm movements. This role is suggested by results showing that neurons in this area are related to eye and arm movements (Fujii et al., 2000) , that they are involved in coding spatial localization of external stimuli for reaching movements (Vaadia et al., 1986) , and have visual responses, even when the stimulus is not instructing a subsequent movement (di Pellegrino & Wise, 1991) . Furthermore, lesions including F7-non SEF and F2vr (both targets of DLPFd) severely affect the performance of the animal in previously learned motor association tasks and prevent new learning (see Passingham, 1993) .
Prefrontal and cingulate afferents to F2
Recent data suggested that F2vr and F2d are functionally distinct (Fogassi et al., 1999; Hoshi & Tanji, 2000; Raos et al. in press ). F2vr, but not F2d, contains bimodal neurons that respond to tactile and visual stimulation (Fogassi et al., 1999) and that code information about the target location and the arm to be used to plan a forthcoming action (Hoshi & Tanji, 2000) . Furthermore, intracortical microstimulation data indicate that in F2d proximal arm movements are mostly represented, whereas in F2vr distal arm movements are mostly represented (Raos et al. in press) . F2vr is the target of major projections from visual or visual and somatosensory parietal areas MIP and V6A Marconi et al., 2001 ) and of minor projections from area MST . F2vr should therefore be considered to be mainly involved in planning and controlling arm movements on the basis of visual and somatosensory information. Present hodological data showing that F2vr is the target of projections from a prefrontal sector located dorsal to PS, support the view that the functional role of this field could be also based on information on target location (either present or kept in memory) or on behaviour-guiding rules. F2vr is also target of significant projections from the cingulate gyrus (areas 24a and 24b) and area 24d. However, given the limited knowledge on the possible functional role of these cingulate areas in motor control, the functional significance of these projections remains to be elucidated.
Finally, the lack of connections of F2d with prefrontal areas and the very weak connections with rostral cingulate areas (mainly area 24d) represent further hodological features which characterize this F2 sector with respect to F7 and F2vr. By considering that almost the totality of afferents from outside the agranular frontal cortex to F2d originates from subdivisions of area PE of the superior parietal lobule Marconi et al., 2001) , all together these data support the notion that this F2 sector plays a role in motor control at a rather late stage, on the basis of high order somatosensory information (see Rizzolatti et al., 1998; Picard & Strick, 2001 ).
